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ABSTRACT: Poor-quality roughages are widely used 
as fiber sources in concentrate-based diets for ruminants. 
Because roughage quality is associated with the efficiency 
of energy use in forage-based diets, the objective of this 
study was to determine whether differing the roughage 
source in concentrate-based diets could change the energy 
requirements of growing lambs. Eighty-four 1/2 Dorper × 
1/2 Santa Inês ram lambs (18.0 ± 3.3 kg BW) were indi-
vidually penned and divided into 2 groups according to 
primary source of dietary roughage: low-quality rough-
age (LQR; sugarcane bagasse) or medium-quality rough-
age (MQR; coastcross hay). Diets were formulated to be 
isonitrogenous (2.6% N) and to meet 20% of physically 
effective NDF. After a 10-d ad libitum adaptation period, 
7 lambs from each group were randomly selected and 
slaughtered (baseline). Twenty-one lambs in each diet 
group were fed ad libitum and slaughtered at 25, 35, or 
45 kg BW. The remaining 28 lambs (14 from each diet 
group) were submitted to 1 of 2 levels of feed restriction: 
70% or 50% of the ad libitum intake. Retentions of body 
fat, N, and energy were determined. Additionally, 6 ram 
lambs (44.3 ± 5.6 kg BW) were kept in metabolic cages 
and used in a 6 × 6 Latin square experiment designed to 
establish the ME content of the 2 diets at the 3 levels of 
DM intake. There was no effect of intake level on diet 
ME content, but it was greater in the diet with LQR than 
in the diet with MQR (3.18 vs. 2.94 Mcal/kg, respective-
ly; P < 0.01). Lambs fed the diet with LQR had greater 
body fat (g/kg of empty BW) and energy concentrations 
(kcal/kg of empty BW) because of a larger visceral fat 
deposition (P < 0.05). Using a low-quality roughage as a 
primary source of forage in a concentrate-based diet for 
growing lambs did not change NEm and the efficiency of 
ME use for maintenance, which averaged 71.6 kcal/kg0.75 
of shrunk BW and 0.63, respectively. On the other hand, 
the greater nonfibrous carbohydrate content of the diet 
with LQR resulted in a 17% better efficiency of ME use 
for gain (P < 0.01), which was associated with a greater 
partial efficiency of energy retention as fat (P < 0.01). 
This increased nutritional efficiency, however, should be 
viewed with caution because it is related to visceral fat 
deposition, a nonedible tissue.
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INTRODUCTION
Concentrate-based diets containing large quanti-
ties of readily fermentable carbohydrates are commonly 
used in ruminant production around the world. Besides 
improving growth performance of the animals (Tripa-
thi et al., 2007), the use of concentrate-based diets has 
the advantage of helping solve the problems associated 
with handling large volumes of forage, therefore improv-
ing operational efficiency in feedlot systems. However, 
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fermentation of large amounts of readily fermentable sub-
strates can lead to drastic changes in ruminal conditions, 
such as the drop in pH (Lettat et al., 2010). Thus, a mini-
mum amount of fiber is required in concentrate-based diets 
to maintain rumen health and prevent digestive disorders.
The concepts of fiber effectiveness introduced by 
Mertens (1997) have encouraged the use of low-quality 
roughages solely as fiber sources in concentrate-based 
diets (Leme et al., 2003). Galyean and Defoor (2003) re-
evaluated the data from Theurer et al. (1999) and con-
cluded that low-quality roughages usually have greater 
roughage value than high-quality roughages because they 
are more effective in sustaining DMI and ADG by main-
taining stable ruminal conditions. However, the roughage 
quality has been closely associated with the energy effi-
ciency in ruminants (Ørskov and MacLeod, 1990). In this 
sense, Susenbeth et al. (1998) calculated that decreasing 
roughage quality can impair the efficiency of ME use by 
increasing the energy required for eating and ruminating 
from 10% to approximately 30% of the ME provided by 
the feedstuff. It is not clear, however, how important these 
effects are when different quality roughages are included 
as primary sources of fiber in concentrate-based diets. It is 
possible that including low-quality roughages in concen-
trate-based diets may be energetically inefficient.
This study was conducted with the aim to determine 
whether differing the primary roughage source in con-
centrate-based diets could change the energy require-
ments of growing lambs.
MATERIAL AND METHODS
This study was conducted at the Intensive Sheep and 
Goats Production Center of the Department of Animal 
Science of the “Luiz de Queiroz” College of Agriculture 
(ESALQ), University of São Paulo, in Piracicaba, state 
of São Paulo, Brazil. All procedures involving animals 
were approved by the Ethics Committee on Animal Use 
in Research of the ESALQ (protocol 2008–04).
According to the ESALQ’s Meteorological Station, 
throughout the field experiment the mean temperature 
(T) was 23.1°C, with mean minimum and maximum tem-
peratures of 18.3 and 29.6°C, respectively. During the 
same period, mean relative humidity (RH) was 88.6%. 
Using mean data, the temperature-humidity index (THI), 
calculated as THI = T − {[0.31 – 0.31 × (RH/100)] × (T − 
14.4)}, was 22.8, indicating that the lambs were exposed 
to a moderate heat stress (Marai et al., 2007).
Comparative Slaughter Trial
Animals, Housing, Feedstuffs, and Experimental 
Design. Eighty-four 1/2 Dorper × 1/2 Santa Inês ram 
lambs were weaned at 56 d of age (18.0 ± 3.3 kg of shrunk 
BW, SBW) and were used in a completely randomized 
block experiment to determine their whole-body energy 
content. Before beginning the experimental period, lambs 
were treated for internal parasites (Dectomax, Pfizer Ani-
mal Health, Exton, PA; 200 μg of doramectin per kg of 
BW) and vaccinated against clostridiosis (Sintoxan T, 
Merial SA, Montevideo, Uruguay). Lambs were housed 
in individual pens equipped with feeders and automatic 
waterers and divided into 2 groups of 42 animals each, ac-
cording to primary source of dietary roughage: low-quality 
roughage (LQR; sugarcane bagasse [Saccharum officina-
rum L.]) or medium-quality roughage (MQR; coastcross 
hay [Cynodon sp.]). Roughages were chosen on the basis 
of their concentrations of CP and ADL, as well as in vi-
tro degradability (Table 1). Within each diet group, lambs 
were classified according to their initial SBW, forming 7 
classes (blocks) of 6 animals each. After a 10-d ad libi-
tum adaptation period, 7 lambs from each diet group (one 
lamb from each block, within diet) were randomly se-
lected and slaughtered (baseline group). Other 21 lambs 
from each diet group were then randomly assigned to 1 of 
3 levels of DMI: ad libitum or restricted to either 70% or 
50% of the ad libitum DMI. Slaughter groups consisting 
of 1 lamb from each level of intake were formed within 
block. When the lamb fed ad libitum reached 45 kg of 
SBW, all 3 lambs were fasted and slaughtered, regardless 
of the BW of the restricted-fed lambs. The 28 remaining 
lambs (14 from each diet group) were assigned to inter-
mediate slaughter groups, fed ad libitum, and slaughtered 
either at 25 or 35 kg of SBW.
Diets (Table 1) were formulated according to NRC 
(2007), using the Small Ruminant Nutrition System 
(SRNS; Cannas et al., 2004; Tedeschi et al., 2010) ver-
sion 1.8.18. In addition to the different roughages, both 
diets were composed of ground corn, citrus pulp, soy-
bean meal, urea, ammonium chloride, and mineral pre-
mix, mixed in different proportions to make isonitrog-
enous diets (2.6% N) with approximately 20% of physi-
cally effective NDF (peNDF). On the basis of the data 
of Rodrigues et al. (2008) and Gilaverte et al. (2011) 
we assumed that the small differences in proportions of 
ground corn and citrus pulp between diets did not affect 
our results largely. Moreover, we have to emphasize that 
our objective was to compare 2 total mixed concentrate-
based diets differing in their primary roughage source, 
rather than comparing different roughages per se.
Roughage and concentrate were individually 
weighed and mixed immediately before feeding, twice 
daily (0800 and 1600 h). For the ad libitum groups, the 
amount of feed offered was adjusted daily in the morn-
ing to ensure a 10% refusal (on a fresh basis). In turn, 
the amount of feed offered to restricted-fed groups was 
calculated daily on the basis of the DMI of the ad libitum 
group on the previous day, expressed as a percentage 
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of BW. Lambs were weighed every 7 d in the morning, 
without fasting, to allow the most accurate estimation 
of the amount of feed to be supplied to the lambs in the 
restricted-fed groups. Samples of feed offered and orts 
(approximately 10% of the total) were taken daily and 
frozen (–20°C) as individual composite samples. At the 
end of the experiment, these composite samples were 
homogenized, and a number of individual subsamples 
were taken. The first subsample was oven-dried to a con-
stant weight at 55°C, ground to pass through a 1-mm 
screen using a Willey-type mill (MA-680, Marconi 
Ltda., Piracicaba, SP, Brazil), and stored for chemical 
analyses. The second subsample was used to determine 
the particle size distribution of feeds and refusals with 
the Penn State Particle Separator method (Heinrichs, 
1996). From the feeds offered, a third 100-g subsample 
was used to determine the proportion of particles larg-
er than 1.18 mm by dry-sieving in an oscillating sieve 
shaker (Bertel Indústria Metalúrgica Ltda., Caieiras, SP, 
Brazil) equipped with a sieve with a 1.18-mm pore size 
for 5 min. The peNDF of the feeds and experimental di-
ets was then assumed to be the NDF content of the ma-
terial retained on the 1.18-mm sieve as a proportion of 
total DM (Mertens, 1997).
Feeding Behavior Assay. Feeding behavior was as-
sessed by visual appraisal on d 31 and 51 of the experi-
mental period, using a regular 5-min interval observation 
technique for 24 h. Eating, ruminating, and idleness ac-
tivities were recorded, and the time spent on each activ-
ity (min/d) was calculated by multiplying the number of 
observations by 5. The total chewing time (TCT) was 
calculated as the sum of eating and ruminating times. Eat-
ing and ruminating times were also expressed as minutes 
per gram of DM and NDF, considering the DM and NDF 
intakes on the day of behavioral evaluation.
Slaughter Procedures. After a 16-h fasting period, 
lambs were slaughtered by stunning with a captive-bolt 
pistol immediately followed by complete exsanguina-
tion. Body weight was recorded before (BW) and af-
ter the fasting period (SBW). Following skinning and 
evisceration, each body component (blood, skin, feet, 
head, visceral fat, viscera, and carcass) was individually 
weighed and frozen (–20°C). Gastrointestinal tract con-
tent (GIT), urine, and bile were removed to determine 
the empty body weight (EBW) as follows: EBW, kg = 
SBW– (GIT + urine + bile).
Carcasses were refrigerated for 24 h at 4°C and 
then split in half. The left half carcasses, as well as the 
head and feet, were fully ground in a large screw grinder 
(P-33a-3-789 15HP, Indústria Mecânica Herman Ltda., 
Bom Retiro, SP, Brazil). All other body components 
were cut into small pieces and ground with a disintegra-
tor mill (MA-923, Marconi Ltda., Piracicaba, SP, Bra-
zil). All individual samples were homogenized by 4 ad-
ditional passes through the grinder and stored at –20°C 
until chemical analyses.
Digestibility Trial
A 6 × 6 Latin square experiment using six 1/2 Dor-
per × 1/2 Santa Inês rams (mean initial SBW = 44.3 ± 
5.6 kg) was designed to determine the digestibility and 
energy content of the 2 diets at the 3 levels of intake: 
ad libitum and restricted to either 70% or 50% of the 
ad libitum DMI. Lambs were cannulated in the rumen 
(Muzzi et al., 2009), dewormed (Dectomax, Pfizer Ani-
mal Health; 200 μg of doramectin per kg of BW), and 
Table 1. Ingredient composition of experimental diets 
and chemical composition and particle size of the rough-
ages and total mixed diets1
 
 
Item
 
Sugarcane 
bagasse
 
Coastcross 
hay
Total mixed diet
Diet with 
LQR
Diet with 
MQR
Ingredient, % DM
Coastcross hay, chopped — — — 30.0
Sugarcane bagasse — — 15.0 —
Citrus pulp — — 32.6 26.3
Ground corn — — 34.9 32.8
Soybean meal — — 15.9 9.50
Ammonium chloride — — 0.50 0.50
Urea — — 0.30 0.18
Mineral premix2 — — 0.80 0.80
Chemical composition
DM, % (as fed) 45.6 86.6 75.9 88.4
OM, % DM 96.5 92.1 95.3 94.4
CP, % DM 3.94 14.8 16.3 15.8
NDF, % DM 84.6 68.2 30.6 34.8
ADF, % DM 53.1 36.6 16.8 17.6
NFC,3 % DM 5.76 5.90 45.2 40.8
peNDF,4 % DM 80.9 47.4 20.5 21.3
ADL, % DM 12.1 3.50 3.14 2.14
Particle size, %
 >19 mm 4.85 16.3 1.21 3.70
7.9 to 19 mm 60.0 41.3 15.0 9.50
<7.9 mm 35.1 42.4 83.8 86.8
>1.18 mm 93.4 69.3 52.7 53.8
IVDMD,5 % 46.3 64.5 — —
1Diets were concentrate-based with either sugarcane bagasse (low-quality 
roughage, LQR) or coastcross hay (medium-quality roughage, MQR) as pri-
mary sources of roughage.
2The composition of the mineral premix was 7.5% P, 13.4% Ca, 1% Mg, 
7% S, 14.5% Na, 21.8% Cl, 500 mg/kg Fe, 300 mg/kg Cu, 4,600 mg/kg Zn, 
1,100 mg/kg Mn, 55 mg/kg I, 40 mg/kg Co, 30 mg/kg Se.
3Nonfibrous carbohydrate.
4Physically effective NDF was assumed to be the NDF content of the ma-
terial retained on a 1.18-mm sieve, as a proportion of total DM (Mertens, 
1997).
5In vitro dry matter degradability, as determined by incubating 0.8-g sam-
ples in 160-mL serum bottles for 96 h, according to Cabral Filho et al. (2005). 
Means are significantly different (P < 0.01).
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kept in metabolic cages equipped with feeders, water-
ers, and apparatuses for collecting feces and urine sepa-
rately. Diets and feeding procedures were the same as 
described for the comparative slaughter trial.
The experiment was conducted in 6 periods of 15 d, 
including 10 d for diet adaptation and 5 d for data and 
sample collection. On d 10, rumen content samples were 
taken 3 h after the morning feeding and strained through 4 
layers of cheesecloth. Aliquots of 25 mL of filtered rumen 
fluid were acidified with 1.5 mL of 6 N HCl to stop fer-
mentation and then frozen (–20°C) before analyzing for 
VFA content. From d 11 to 15, feed offered and refused, 
as well as feces, were weighed and individually homog-
enized, and 10% subsamples were collected daily in the 
morning. Samples were oven-dried to a constant weight 
at 55°C, ground to pass through a 1-mm screen using a 
Willey-type mill (MA-680, Marconi Ltda.), and stored. 
Total urine excretion was collected in buckets contain-
ing 100 mL of a 7.2 N H2SO4 solution, and individual 
samples of 10 mL/L were stored at –20°C. Daily samples 
were pooled to individual composite samples, within ex-
perimental period. On the last collection day, rumen con-
tent samples were taken 1 h before the morning feeding 
and subsequently at 0.5, 2, 4, 6, 8, 10, 12, 14, 16, 20, and 
24 h after feeding. Samples were strained through 4 layers 
of cheesecloth, and the pH of the fluid was immediately 
measured by using a digital pH meter (Digimed Model 
DM21, Digicrom Analítica Ltda., São Paulo, SP, Brazil).
Chemical Analyses
Feeds, Orts, Feces, and Urine. Feeds, orts, and feces 
samples were analyzed for DM by drying at 105°C for 24 
h, and ash was analyzed by combustion at 600°C for 4 
h. Total N content was assayed by a combustion method, 
using an autoanalyzer (Leco FP-528, Leco Corp., St. Jo-
seph, MI). The factor 6.25 was adopted to convert total N 
to CP. The NDF and ADF analyses were performed se-
quentially by an autoclave method at 120°C for 45 min 
(Senger et al., 2008), including sodium sulfite and heat-
stable α-amylase. Sulfuric acid lignin was determined 
according to AOAC (1997; method 973.18), except that 
asbestos was not included. Ether extract (EE) was deter-
mined using a Soxhlet apparatus and petroleum ether for 
6 h. Nonfibrous carbohydrates (NFC) were calculated as 
100 − (NDF + CP + EE + ash), according to Van Soest et 
al. (1991). The heat of combustion was determined with 
a calorimetric bomb (Parr, Adiabatic Calorimeter, Moline, 
IL). Urine was analyzed for total N by the Kjeldahl meth-
od (method 984.13; AOAC, 1997).
Ruminal Fluid Samples. For determining rumi-
nal VFA concentrations, a 1.6-mL sample was centri-
fuged (15,000 × g for 15 min at 4°C) with 0.4 mL of 
a 3:1 solution of metaphosphoric acid (25% wt/vol) 
and formic acid (98% to 100% vol/vol) plus 0.2 mL of 
2-ethylbutyric acid (100 mM) as an internal standard 
(CAS 08-09-5, Sigma-Aldrich Chemie GmbH, Stein-
heim, Germany). An aliquot of 1 μL of the supernatant 
was injected into a gas chromatograph system (GC HP 
7890A, HP 7683B Injector, Agilent Technologies, Santa 
Clara, CA) equipped with a flame ionization detector 
and an HP-FFAP capillary column (19091F-112, 25 m × 
0.320 mm, 0.50 µm, Agilent Technologies). The injector 
and detector were maintained at 260°C. Samples were 
autoinjected at a split ratio of 20:1 and a hydrogen flow 
of 31.35 mL/min. The oven program started at an initial 
temperature of 80°C for 1 min, increased to 120°C at 
a rate of 20°C/min, held at 120°C for 3 min, increased 
from 120°C to 205°C at a rate of 10°C/min, and then 
held at 225°C for 2 min. Hydrogen was the carrier gas at 
a flow rate of 1.35 mL/min. The detector used a makeup 
nitrogen flow of 40 mL/min, an air flow of 400 mL/min, 
and a hydrogen flow of 40 mL/min.
Body Component Samples. Samples were weighed 
in previously dried 250-mL beakers, and DM was deter-
mined at 105°C for 120 h. A preliminary fat extraction 
was performed by soaking the dried residue in petroleum 
ether for approximately 10 min. The ether-treated resi-
dues were then dried at 105°C for 6 h, ground using a ball 
mill (MA-350, Marconi Ltda.), and analyzed for DM by 
drying at 105°C for 24 h, ash by combustion at 600°C for 
4 h, total N using a combustion method (Leco FP-528, 
Leco Corp.), and residual fat by a supercritical carbon 
dioxide extraction system (Leco TFE2000, Leco Corp.).
Data Calculations
Diet Digestibility and Energy Content. Apparent di-
gestibility was calculated as the proportion of the nutrient 
intake not recovered in feces, and ME content of the di-
ets was calculated as DE less urinary and methane energy 
losses. Urinary energy losses were estimated from urinary 
N excretion using the equation of Paladines et al. (1964). 
In turn, energy lost as methane was estimated stoichio-
metrically using a spreadsheet model developed by Nolan 
(1998) on the basis of the molar proportions of acetate, 
propionate, and butyrate measured in the ruminal fluid 
samples and of the amount of OM digested in the rumen, 
which was estimated according to the model proposed by 
Archimède et al. (1997). It was assumed that 1 g of OM 
digested in the rumen corresponds to 1 g of anhydrous 
glucose available for fermentation (Nolan, 1998).
Body Composition and Energy Retention. Whole-
body energy content was calculated from body protein 
and fat contents, using the caloric values of 5.64 and 
9.40 kcal/g of protein and fat, respectively (ARC, 1980). 
Retained energy (RE) was computed as the difference 
between final and initial body energy contents. The latter 
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was estimated from the baseline lambs’ data by regressing 
body energy content on EBW. The equations obtained for 
the diet with LQR [Eq. [1]; r2 = 0.98; root-mean-square 
error (RMSE) = 1.41; n = 7; P < 0.01] and for the diet 
with MQR (Eq. [2]; r2 = 0.99; RMSE = 1.74; n = 7; P < 
0.01) were different from each other (P = 0.01), likely be-
cause the lambs fed the diet with LQR presented a drastic 
drop in DMI for 3 d after weaning and, consequently, they 
had a lower ADG than those fed the diet with MQR dur-
ing the adaptation period (118 vs. 180 g/d; P < 0.01).
Initial body energy, Mcal = –9.17 (±2.478) + 
[2.69 (±0.159) × initial EBW, kg].  [1]
Initial body energy, Mcal = –17.70 (±2.845) + 
[3.44 (±0.175) × initial EBW, kg].  [2]
Initial EBW of the ad libitum–fed and the restricted-
fed lambs were estimated from initial SBW by using a 
general equation developed with data from the baseline 
group. The intercept of the equation did not differ from 
zero (P = 0.82) and was removed from the model (r2 = 
0.99; RMSE = 0.36; n = 13; P < 0.01):
Initial EBW, kg = 0.847 (±0.0055) × initial  
SBW, kg.  [3]
Energy Requirements for Maintenance. The NEm 
requirement was estimated by a linear regression of log10 
heat production (HP, kcal/kg0.75 of SBW = ME intake, 
kcal/kg0.75 of SBW – RE, kcal/kg0.75 of SBW) on daily 
ME intake (MEI, kcal/kg0.75 of SBW), according to Lof-
green and Garrett (1968). The intercept and slope were 
tested for diet effect. The ME required for maintenance 
(MEm) was iteratively calculated by assuming a value at 
which MEI is equal to HP. The efficiency of ME utiliza-
tion for maintenance (km) was computed as NEm/MEm.
Energy Requirements for Growth. Requirements 
for NEg were calculated as the difference between body 
energy content at different intervals of SBW (Galvani et 
al., 2008). For example, the NEg requirement of a lamb 
with 20 kg of SBW and 250 g of ADG was computed as 
the difference between the empty body energy content 
at 20.25 and 20 kg of SBW. To predict the empty body 
energy content, an allometric equation (ARC, 1980) 
was used: log10 (energy content, kg) = a + [b × log10 
(EBW, kg)]. The EBW was estimated by a linear regres-
sion with SBW. Restricted-fed lambs were not included 
in this data set because their growth pattern differs from 
that of lambs fed ad libitum. Partial efficiency of ME uti-
lization for growth (kg) was assumed to be the slope of 
the linear regression of RE on MEI above maintenance 
(MEIg = MEI – MEm), assuming that RE is null when 
MEI = 0 (model intercept = 0).
Statistical Analyses
Statistical analyses were performed using the SAS/
STAT software (SAS Inst. Inc., Cary, NC). Data on DMI, 
growth performance, and body composition were analyzed 
with PROC GLM. Model included the fixed effects of diet, 
intake level, block, and the diet × intake level interaction. 
When only lambs fed ad libitum were considered, the in-
take level effect in the model was replaced by the slaughter 
weight effect. Data from the feeding behavior assay were 
analyzed with PROC MIXED as repeated measures over 
time (Littell et al., 1998), according to the model Yijklm = 
μ + Di + Lk + (DL)ik + δj(ik) + Bl + Pm + (DP)im + (LP)
km + (DLP)ikm + εijklm, where Yijklm is the dependent vari-
able, μ is the overall mean, Di is the fixed effect of diet (i = 
1, 2), Lk is the fixed effect of intake level (k = 1, 2, 3), (DL)
ik is the diet × intake level interaction, δk(ij) is the random 
effect of the kth subject (animal) nested within treatment 
(i.e., the diet × intake level interaction), Bl is the fixed ef-
fect of block (l = 1, 2, …, 7), Pm is the fixed effect of day 
of evaluation (m = 1, 2), (DP)im is the diet × day of evalua-
tion interaction, (LP)km is the intake level × day of evalua-
tion interaction, (DLP)ikm is the diet × intake level × day of 
evaluation interaction, and εijklm is the random error.
Diet digestibility and ruminal VFA were also analyzed 
using PROC MIXED, with diet, intake level, and their in-
teraction being considered fixed effects and animal and pe-
riod considered random effects. To analyze data on ruminal 
pH, it was considered a repeated measure over time.
Differences between diets were tested by the ANOVA 
F test, whereas those among intake levels or slaughter 
weights were investigated by using polynomial orthogo-
nal contrasts. In turn, interactions were explored using the 
Tukey-Kramer test for multiple-comparison analysis. Dif-
ferences were declared significant when P < 0.05.
Simple linear regressions between EBW and SBW, 
body fat, or energy content and EBW, HP, and ME in-
take, as well as RE and ME intake, were performed with 
PROC REG by fitting the data to the model Yi = β0 + 
β1xi + εi, where Yi (i = 1, 2,…, n) is the dependent vari-
able, β0 is the intercept, β1 is the slope, xi is the inde-
pendent variable, and εi is the random error. To compare 
the intercept and slope between diets, a qualitative in-
dicator approach, which consists of adding binary (0 or 
1) indicator variables for each class (Neter et al., 1996, 
chap. 11), was used as follows: Yi = β0 + β1x1i + β2x2i+ 
β3x1ix2i + εi, where Yi (i = 1, 2,…, n) is the dependent 
variable; β0, β1, and β2i are the regression parameters; 
x1i is the independent variable; x2i is the binary variable 
that differs between diets; x1ix2i is the interaction be-
tween x1i and x2i; and εi is the random error. This analy-
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sis was performed with PROC GLM using the SOLU-
TION statement and the sum of squares (SS) type 3.
A nonlinear regression was used to describe the re-
lationship between NEg (Y), SBW (X), and ADG (Z), ac-
cording to the model Y = a × Xb × Z, where a and b are 
the regression parameters. The PROC NLIN procedure 
was used in the nonlinear parameterization of variables 
using the Gauss-Newton method for convergence. An 
approximate r2 for the nonlinear regressions was com-
puted as 1 − (SSResidual/SSCorrected total).
Outliers and systematic bias were identified by plotting 
studentized residuals against the predicted values (X vari-
able) and by evaluating Cook’s D coefficients. Data points 
with a studentized residual outside the range ±2.5 were con-
sidered to be outliers and were removed from the data set. 
Furthermore, the plot of residuals against predicted values 
was used to check model assumptions for homoscedasticity, 
independence, and normality of the errors.
RESULTS AND DISCUSSION
Digestion, Ruminal Metabolism,  
and ME Content of the Diets
There were no significant intake level × diet interac-
tions for nutrient intake and diet digestibility (P > 0.05; 
Table 2). For both diets the total tract apparent digest-
ibilities of DM, OM, and NDF were improved as DMI 
decreased (P < 0.05), reflecting on the DE content of 
the diets (P = 0.04) at the different levels of intake. This 
negative relationship between intake level and diet di-
gestibility has been well established in ruminant ani-
mals, and it is generally associated with a reduction in 
the retention time of the digesta in the gastrointestinal 
tract as feed intake is modified (Doreau and Diawara, 
2003). However, restricting DMI did not affect the ME 
content of the diets (P = 0.65). This occurred because 
reducing substrate availability for microbial fermenta-
tion in the rumen shifted the fermentation pattern from 
propionic acid to acetic acid (P < 0.01). Because the en-
ergy lost as methane per unit of digested OM, calculated 
stoichiometrically, increases when ruminal fermentation 
is driven for acetate formation (Czerkawski, 1986), de-
creasing DMI decreased the ME:DE ratio (P < 0.01).
The observed values for the ME:DE ratio across the 
levels of intake are within the range stated by Vermorel 
and Bickel (1980), i.e., 0.82 to 0.93. These authors also 
reported a positive relationship between ME:DE ratio and 
the level of feed intake. On the other hand, our values are 
greater than that fixed by NRC (2007) to convert DE to 
ME (0.82). Large values for the ME:DE ratio have been 
found for growing ruminants because of their lower gas-
eous and, mainly, urinary energy losses (Vermorel and 
Bickel, 1980). Therefore, using constant values obtained 
from adult animals at the maintenance level of intake to 
calculate ME intake of growing lambs at any feeding 
level can lead to an overestimation of the efficiency of 
conversion of ME to NE and should be avoided.
The ME content was 8.3% greater in the diet with LQR 
(3.18 vs. 2.93 Mcal/kg of DM; P < 0.01) as a consequence 
of a better OM digestibility (P < 0.01) and a fermentation 
pattern that increased propionate (P = 0.01) and decreased 
Table 2. Digestion and energy value of concentrate-based diets differing in the primary source of roughage fed to 
sheep at 3 levels of intake1
 
Item
Low-quality roughage Medium-quality roughage  
SEM
P-value2
AL 70% 50% AL 70% 50% IL D IL × D
Lambs, n 6 6 6 6 6 6 — — — —
DM intake, g/kg0.75 of shrunk BW 76.6 51.2 40.3 86.5 60.1 41.9 0.85  <0.01L 0.02 0.52
Diet digestibility, %
DM 81.8 82.0 82.5 75.8 76.1 79.4 0.28 0.03L  <0.01 0.14
OM 83.1 83.4 84.0 77.9 78.1 81.2 0.26 0.02L  <0.01 0.15
NDF 69.5 70.4 72.4 66.5 68.5 71.2 0.48 0.03L 0.08 0.74
VFA concentration in rumen fluid
Total, mM 81.9 72.2 59.9 80.8 74.8 68.7 2.08 0.02L 0.44 0.63
Acetate, % 62.3 62.2 65.0 66.0 67.1 68.7 0.24  <0.01L 0.01 0.51
Propionate, % 20.3a,b 20.8a 17.9c 18.9b 16.6c 15.5d 0.20  <0.01L  <0.01 0.04
Butyrate, % 14.5 13.5 12.8 12.5 13.1 12.2 0.25 0.28 0.07 0.44
DE, Mcal/kg 3.59 3.62 3.69 3.33 3.36 3.46 0.017 0.04  <0.01 0.88
ME, Mcal/kg 3.19 3.17 3.17 2.96 2.91 2.93 0.015 0.65  <0.01 0.92
ME:DE ratio 0.89 0.88 0.86 0.89 0.87 0.85 0.001  <0.01L 0.04 0.24
a–dMeans with different letters in the same row differ (P < 0.05) according to the Tukey-Kramer test.
LProbabilities with a superscript L indicate a linear effect of decreasing feed intake (P < 0.05), as determined by using polynomial orthogonal contrasts.
1Ad libitum (AL) and restricted to 70% or 50% of the AL intake.
2Probability of the effects of intake level (IL), diet (D), and IL × D interaction.
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acetate production (P = 0.01). These results may be associ-
ated in part with the differences in DMI between diets but 
are mainly due to the greater content of NFC in the diet 
with LQR (45.2% vs. 40.8% of DM), which also resulted in 
lower pH values within the first 2 h after the morning feed-
ing (Fig. 1). In both diets, however, a more drastic drop in 
rumen pH was observed after the afternoon feeding, main-
ly for the lambs fed ad libitum (P = 0.01), likely because 
the time that elapsed since the morning feeding was not 
enough to reestablish basal values.
Feed Intake and Feeding Behavior
Dry matter, OM, and NDF intakes were greater for 
lambs fed the diet containing MQR (P < 0.05; Tables 3 
and 4). However, because ME content was lower in that 
diet, no differences between diets were found in the ME 
intake (P > 0.05), suggesting that voluntary feed intake 
was regulated by the physiological demand for energy. 
This result is in agreement with the classical concept 
that ruminants tend to ingest food until their energy de-
mands are met, unless a constraining factor works in the 
opposite way (Forbes, 2005). Ruminal fill is the main 
constraining factor in ruminant animals and has been 
closely associated with the NDF intake (Sauvant and 
Mertens, 2007). In our study, however, the NDF intake 
did not seem to have restricted feed intake. This fact is 
supported by data from the ad libitum group of lambs 
(Table 4), which were able to regulate their DM intake 
as energy requirements were increased by rising BW 
(P = 0.01), regardless of NDF intake.
Fiber content was planned in our study according to 
the NRC (2007) recommendations to ensure stable and 
comparable ruminal pH conditions between diets by stim-
ulating chewing and the flow of saliva to the rumen. As 
previously presented, however, the desired peNDF content 
was not enough to inhibit variations in ruminal pH val-
ues, partially because of the feeding pattern of the lambs 
(Table 5). In fact, the greatest refusal of particles longer 
than 19 mm by the lambs fed ad libitum with the diet with 
LQR (P = 0.03; Table 6) resulted in lower ruminating and 
total chewing times (P < 0.05; Table 5). Thus, one may 
speculate that this refusal of longer particles contributed to 
the more accentuated drop in ruminal pH values observed 
after the morning feeding. Interestingly, the lambs fed 
that diet at restricted levels of intake did not refuse feed 
but also presented a drop in ruminal pH after the morn-
ing feeding. Moreover, the ruminating time expressed as 
minutes per gram of NDF was significantly greater for the 
lambs fed the diet with LQR (P < 0.01), indicating that 
fiber from sugarcane bagasse was really effective in stim-
ulating chewing. Therefore, most of the variation in pH 
values was related to the NFC content of the diets, as the 
concept of peNDF does not account for these differences 
among feeds (Beauchemin and Yang, 2005).
Even under these conditions, the lambs fed the diet 
with LQR ad libitum were able to modify their feeding 
Figure 1. Ruminal pH in sheep fed concentrate-based diets with either 
low-quality (dashed line) or medium-quality (solid line) roughages at 3 levels 
of intake: ad libitum (triangles) and restricted to either 70% (squares) or 50% 
(crosses) of the ad libitum intake. Arrows indicate the times of feeding. *The 
pH values differed between diets (P < 0.01); ¶pH values differed between levels 
of intake (P = 0.01).
Table 3. Feed intake of growing lambs fed concentrate-based diets differing in the primary source of roughage at 3 
levels of intake1
 
Item
Low-quality roughage Medium-quality roughage  
SEM
P-value2
AL 70% 50% AL 70% 50% IL D IL × D
Lambs, n 7 7 7 7 7 7 — — — —
Intake
DM, g/d 1,102 642 373 1,268 652 420 9.2  <0.01L  <0.01 0.22
DM, g/kg0.75 of shrunk BW 82.4 58.1 40.2 94.0 61.9 44.5 0.53  <0.01L  <0.01 0.25
OM, g/kg0.75  of shrunk BW 78.6 55.3 38.3 89.1 58.4 42.0 0.50  <0.01L  <0.01 0.31
NDF, g/kg0.75  of shrunk BW 24.9 17.6 12.4 31.7 21.8 15.7 0.17  <0.01L  <0.01 0.08
ME, kcal/kg0.75 of shrunk BW 262 184 127 275 181 130 1.6  <0.01L 0.21 0.13
LProbabilities with a the superscript L indicate a linear effect of decreasing feed intake (P < 0.05), as determined by using polynomial orthogonal contrasts.
1Ad libitum (AL) and restricted to 70% or 50% of the AL intake.
2Probability of the effects of intake level (IL), diet (D), and IL × D interaction.
 at Univ of Connecticut Homer Babbidge Lib on January 2, 2014www.journalofanimalscience.orgDownloaded from 
Roughage quality and the energy efficiency 257
pattern by distributing the daily feed intake within 42% 
more meals (P < 0.05), thus minimizing the negative ef-
fects of dropping rumen pH on feed intake. The ability 
of ruminants to adjust their feeding pattern to account 
for variations in ruminal pH was also reported by Yang 
et al. (2012) for cattle fed wheat distillers grains.
Growth Performance and Body and Gain Composition
As expected, ADG was strongly correlated with ME 
intake (r = 0.96; P < 0.01). Therefore, because ME in-
take did not differ between diet groups, no differences 
were found for ADG as well (P > 0.05; Tables 7 and 8). 
However, when the G:F ratio was considered, the lambs 
fed the diet with LQR ad libitum were 6.7% more ef-
ficient (P = 0.02; Table 8) on average. The G:F ratio de-
creased linearly (P < 0.01) with increasing BW as a con-
sequence of changes in gain composition (NRC, 2007).
Fat in the gain (FIG), expressed as gram per ki-
logram of empty weight gain (EWG), increased with 
an increase in both the level of feed intake (P = 0.04; 
Table 7) and the BW of the lambs (P = 0.01; Table 8). 
Interestingly, comparing data from lambs slaughtered 
at 25 kg of SBW (Table 8) with those from lambs fed 
at 50% of the ad libitum intake (SBW at slaughter = 
21.4 kg; Table 7), a 19% lower FIG was observed for the 
first lambs, suggesting a possible effect of age (Burton 
and Reid, 1969) since they were 70 d younger at slaugh-
ter. The amount of protein in the gain was not affected 
by intake level (P = 0.34) or slaughter weight (P = 0.23).
Values of FIG were significantly greater for lambs 
fed the diet with LQR (P < 0.05). As a consequence, 
body fat and energy concentrations (g/kg of EBW) were 
Table 4. Feed intake of growing lambs fed ad libitum with concentrate-based diets differing in the primary source of 
roughage and slaughtered at 3 shrunk BW1
 
Item
Low-quality roughage Medium-quality roughage  
SEM
P-value2
S25 S35 S45 S25 S35 S45 SW D SW × D
Lambs, n 6 7 7 7 7 7 — — — —
Intake
DM, g/d 732 964 1,102 831 1,060 1,268 15.1  <0.01L 0.01 0.76
DM, g/kg0.75 of shrunk BW 73.8 81.3 82.4 83.6 89.4 94.0 1.24 0.01L 0.01 0.85
OM, g/kg0.75 of shrunk BW 70.4 77.5 78.6 79.2 84.7 89.1 1.18 0.01L 0.01 0.86
NDF, g/kg0.75 of shrunk BW 21.9 23.6 24.9 28.7 30.7 31.7 0.39 0.03L  <0.01 0.91
ME, kcal/kg0.75 of shrunk BW 235 259 262 245 262 275 3.8 0.01L 0.25 0.86
LProbabilities with a superscript L indicate a linear effect of decreasing feed intake (P < 0.05), as determined by using polynomial orthogonal contrasts.
1Lambs were slaughtered at 25 (S25), 35 (S35), or 45 kg (S45) of shrunk BW.
2Probability of the effects of slaughter weight (SW), diet (D), and SW × D interaction.
Table 5. Feeding pattern of growing lambs fed concentrate-based diets differing in the primary source of roughage 
at 3 levels of intake1
 
Item
Low-quality roughage Medium-quality roughage  
SEM
P-value2
AL 70% 50% AL 70% 50% IL D IL × D
Lambs, n 7 7 7 7 7 7 — — — —
Eating
Meals, n 17a 2c 2c 12b 3c 2c 5.7  <0.01Q 0.01  <0.01
min/d 274 145 102 235 141 73 4.6  <0.01Q 0.04 0.54
min/g DM 0.22 0.19 0.23 0.15 0.18 0.19 0.010 0.99 0.01 0.17
min/g NDF 0.82 0.65 0.78 0.47 0.53 0.39 0.034 0.77  <0.01 0.18
Ruminating
min/d 420b 398b 248d 497a 342c 259d 4.1  <0.01L 0.53 0.01
min/g DM 0.33 0.56 0.58 0.34 0.44 0.55 0.009  <0.01L 0.13 0.20
min/g NDF 1.25 1.90 1.95 1.02 1.25 1.59 0.031  <0.01L  <0.01 0.28
TCT,3 min/d 698a 544b 357d 732a 470c 332d 6.1  <0.01L 0.26 0.04
Idleness, min/d 743 894 1079 700 960 1105 7.0  <0.01L 0.51 0.18
a–dMeans with different letters in the same row differ (P < 0.05) according to the Tukey-Kramer test.
LProbabilities with a superscript L indicate a linear effect of decreasing feed intake (P < 0.05), as determined by using polynomial orthogonal contrasts.
QProbabilities with a superscript Q indicate a quadratic effect of decreasing feed intake (P < 0.05), as determined by using polynomial orthogonal contrasts.
1Ad libitum (AL) and restricted to 70% or 50% of the AL intake.
2Probability of the effects of intake level (IL), diet (D), and IL × D interaction.
3TCT is the total chewing time.
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increased for those animals (P < 0.05), mainly because 
of the high retention of visceral fat, i.e., omental, mesen-
teric, kidney, and pelvic fat. Therefore, we hypothesized 
that for the lambs fed the diet with LQR larger quantities 
of NFC, including starch, reached the small intestine for 
digestion. Huntington et al. (2006) reported that starch 
digestion in the small intestine results in preferential use 
of glucose by the portal-drained viscera tissues, thereby 
saving acetate for other functions, such as fat synthesis. 
In this sense, our results agree with those of Rust (1983), 
who observed the largest energy retention for cattle ab-
omasally infused with glucose, which was associated 
with an increased fat retention, primarily around the in-
testines and in the omentum.
Despite these results regarding gain composition, 
when the whole-body fat and energy contents were plot-
ted against EBW on a logarithmic scale, no differences 
were observed between diets (P > 0.05). The linear re-
gression equations to estimate whole-body fat (Eq. [4]; 
r2 = 0.97; RMSE = 0.052; n = 52; P < 0.01) or energy 
(Eq. [5]; r2 = 0.98; RMSE = 0.030; n = 52; P < 0.01) 
as a function of the EBW of the ad libitum–fed lambs, 
regardless of diet, were
log10 fat, kg = –1.785 (±0.060) + 1.696 (±0.043) × 
log10 empty BW, kg,  [4]
log10 energy, kcal = 2.888 (±0.035) + 1.360 
(±0.025) × log10 empty BW, kg.  [5]
Using Eq. [4], whole-body fat content of the 1/2 
Dorper × 1/2 Santa Inês ram lambs used in our study dif-
fered from that predicted by the Agricultural Research 
Council (ARC; 1980) equation (log10 fat, kg = –2.239 + 
1.987 × log10 EBW, kg). For lambs with 15 kg of SBW, 
for example, our values were 36.7% greater than the 
ARC (1980) values. However, after 25 kg of SBW the 
ARC (1980) equation implies a greater rate of fat depo-
sition (g/kg of EWG), and consequently, for lambs with 
45 kg of SBW our values of whole-body fat content are 
approximately 2% lower. A similar pattern is observed 
when comparing our data to those of Silva et al. (2001), 
who reported values of whole-body fat content ranging 
Table 6. Particle sorting by growing lambs fed concentrate-
based diets differing in the primary source of roughage1
Particle  
size
Diet  
SEM
 
P-valueLow-quality roughage Medium-quality roughage
>19 mm 42.2 99.7 0.94 0.03
7.9 to 19 mm 80.7 90.7 2.28 0.07
<7.9 mm 105.9 101.0 0.50 0.01
1Sorting indexes <100 and >100 indicate selective refusal and selective 
consumption, respectively (Leonardi and Armentano, 2003).
Table 7. Growth performance and body and gain composition of growing lambs fed concentrate-based diets differing 
in the primary source of roughage at 3 levels of intake1
 
Item
Low-quality roughage Medium-quality roughage  
SEM
P-value2
Baseline AL 70% 50% Baseline AL 70% 50% IL D IL × D
Lambs, n 7 7 7 7 7 7 7 7 — — — —
Shrunk BW, kg 17.9 45.4 30.6 21.3 18.3 45.7 28.7 21.5 0.55  <0.01Q 0.96 0.47
Empty BW, kg 15.2 39.0 25.7 17.7 15.6 39.1 23.6 17.9 0.48  <0.01Q 0.89 0.43
ADG, g/d — 261 118 33 — 277 116 31 4.2  <0.01L 0.82 0.81
Gain composition, g/kg of empty weight gain
Fat — 286 276 268 — 249 235 224 8.5 0.04L 0.03 0.66
Protein — 153 137 159 — 161 157 163 4.0 0.34 0.20 0.71
Body composition, per kg of empty BW
Water, g 665 578a 612a 631a 652 591a 619a 632 2.6  <0.01L 0.20 0.69
Fat, g 109 218a 182a 150a 128 201a 168a 146 3.1  <0.01L 0.04 0.54
Protein, g 183 165a 167a 177 184 169a 173a 180 1.0  <0.01L 0.02 0.84
Ash, g 41.8 37.5 38.5 41.9 41.0 38.7 39.5 42.0 0.60 0.08 0.48 0.88
Energy, Mcal 2.06 2.98a 2.65a 2.40a 2.24 2.85a 2.55a 2.39 0.027  <0.01L 0.13 0.67
Body fat distribution, g/kg of empty BW
Carcass 70.0 128.0a 109.3a 91.3a 77.5 120.7a 104.9a 92.2 2.08  <0.01L 0.39 0.72
Noncarcass 39.2 90.5a 73.5a 58.4a 45.1 80.6a 62.8a 50.5 1.94  <0.01L 0.02 0.96
Viscera3 20.0 70.3a 52.3a 35.2 24.6 61.0a 45.1a 29.7 1.04  <0.01L 0.03 0.98
aMean values with superscripts in the same row, within diet, are different from the baseline group (P < 0.05) according to Dunnett’s test.
LProbabilities with a superscript L indicate a linear effect of decreasing feed intake (P < 0.05), as determined by using polynomial orthogonal contrasts.
QProbabilities with a superscript Q indicate a quadratic effect of decreasing feed intake (P < 0.05), as determined by using polynomial orthogonal contrasts.
1Ad libitum (AL) and restricted to 70% or 50% of the AL intake. Baseline lambs were slaughtered after a 10-d adaptation period.
2Probability of the effects of intake level (IL), diet (D), and IL × D interaction.
3Omental, mesenteric, kidney, and pelvic fat.
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from 1.3 to 5.6 kg for Santa Inês growing ram lambs 
with 15 and 30 kg of EBW, respectively. Their values are 
22% lower and 6% greater than those observed in our 
study. It is possible, therefore, that the high-concentrate 
diets used in the present study stimulated an early fat 
deposition in the body. On the other hand, the consider-
ably lower rate of fat deposition observed, as indicated 
by the regression slope (1.696 vs. 1.987 [ARC, 1980] vs. 
2.128 [Silva et al., 2001]), suggests a genotypic effect of 
the Dorper breed as the lambs were growing up.
Maintenance Requirements
Maintenance requirements were estimated by re-
gressing log10 HP (kcal/kg
0.75 of SBW) on MEI (kcal/
kg0.75 of SBW). Neither the slope nor the intercept of 
the regressions were affected by diet (P >  0.05; Fig. 2), 
indicating that a general regression is suitable (Eq. [6]; 
r2 = 0.97; RMSE = 0.018; n = 66; P < 0.01):
log10 HP, kcal/kg
0.75 of SBW = 1.855 (±0.008) + 
0.00175 (±0.000038) × MEI, kcal/kg0.75 of SBW.  [6]
The antilog of the intercept of Eq. [6] pointed out 
a NEm requirement of 71.6 kcal/kg
0.75 of SBW. This 
value is significantly greater than those reported by 
most nutritional systems (NRC [1985], 56 kcal/kg0.75 
of SBW; ARC [1980] and AFRC [1993], 62.2 kcal/
kg0.75 of SBW; CSIRO [1990] and NRC [2007], 62 
kcal/kg0.75 of SBW; CSIRO [2007], 66 kcal/kg0.75 of 
SBW), likely because of differences in environmental 
conditions since our lambs were exposed to a moderate 
heat stress (THI = 22.8; Marai et al., 2007).
A number of studies conducted in mild climate re-
gions in Brazil, using the comparative slaughter meth-
od, have observed values closer to those reported by 
some nutritional systems. Santos et al. (2002), for ex-
ample, estimated the NEm requirement for Bergamasca 
lambs at 54.7 kcal/kg0.75 of SBW, whereas Galvani et 
al. (2008) estimated a value of 58.4 kcal/kg0.75 of SBW 
for Texel × Ile de France crossbred lambs. On the other 
hand, Silva et al. (2003) conducted an experiment under 
weather conditions quite similar to those of the present 
study and related values of NEm of 75.0 and 73.5 kcal/
kg0.75 of SBW for Polwarth × Ile de France and Santa 
Inês lambs, respectively. Those authors reported that 
the maintenance energy requirement of Polwarth × Ile 
de France crossbreed lambs was significantly greater 
than that observed for Santa Inês hair lambs, suggest-
ing that fleece might impair sheep thermoregulation in 
Table 8. Growth performance and body and gain composition of 1/2 Dorper × 1/2 Santa Inês growing lambs fed 
high-concentrate diets with different roughage concentrate-based diets differing in the primary source of roughage 
and slaughtered at 3 shrunk BW1
 
Item
Low-quality roughage Medium-quality roughage  
SEM
P-value2
Baseline S25 S35 S45 Baseline S25 S35 S45 SW D SW × D
Lambs, n 7 6 7 7 7 7 7 7 — — — —
Shrunk BW, kg 17.9 25.5 35.8 45.4 18.3 25.1 35.4 45.7 0.074 <0.01L 0.36 0.13
Empty BW, kg 15.2 21.0 30.4 39.0 15.6 20.8 29.5 39.1 0.092 <0.01L 0.08 0.09
ADG, g/d — 250 256 261 — 252 265 277 5.6 0.49 0.41 0.89
G:F ratio — 0.30 0.27 0.23 — 0.28 0.25 0.22 0.003  <0.01L 0.02 0.99
Days on feeding — 34 71 106 — 32 72 99 1.8  <0.01L 0.52 0.63
Gain composition, g/kg of empty weight gain
Fat — 237 266 286 — 162 207 249 7.1 0.04L 0.01 0.58
Protein — 154 167 153 — 155 157 161 2.6 0.23 0.51 0.32
Body composition, per kg of empty BW
Water, g 665 652 597a 578a 652 656 620 591a 2.6  <0.01L 0.02 0.30
Fat, g 109 148a 183a 218a 128 132 172a 201a 2.8  <0.01L 0.01 0.90
Protein, g 183 174 171 165a 184 173a 171a 169§ 0.6  <0.01L 0.51 0.14
Ash, g 41.8 36.1 41.3 37.5 41.0 39.2 37.4 38.7 0.62 0.51 0.59 0.10
Energy, Mcal 2.06 2.36a 2.71a 2.98a 2.24 2.22 2.57a 2.85a 0.025  <0.01L 0.01 0.99
Body fat distribution, g/kg of empty BW
Carcass 70.0 88.1 109.5a 128.0a 77.5 86.4 106.3a 120.7a 1.94  <0.01L 0.30 0.82
Noncarcass 39.2 52.2 79.8a 90.5a 45.1 45.6 65.1a 80.6a 1.75  <0.01L 0.01 0.65
Viscera3 20.0 33.8 61.1a 72.0a 24.6 27.1 47.6a 63.4a 1.66  <0.01L 0.01 0.69
aMean values with superscripts in the same row, within diet, are different from the baseline group (P < 0.05) according to Dunnett’s test.
LProbabilities with a superscript L indicate a linear effect of decreasing feed intake (P < 0.05), as determined by using polynomial orthogonal contrasts.
1Lambs were slaughtered at 25 (S25), 35 (S35), or 45 kg (S45) of shrunk BW. Baseline lambs were slaughtered after a 10-d adaptation period.
2Probability of the effects of slaughter weight (SW), diet (D), and SW × D interaction.
3Omental, mesenteric, kidney, and pelvic fat.
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hot climates. Despite these results, differences in NEm 
requirements related to genotypes, as occur with cattle, 
may not be ignored.
The MEm requirement, calculated iteratively as 
the point at which HP is equal to ME intake, was also 
not different between diets (P < 0.05) and averaged 
112.8 kcal/kg0.75 of SBW. Thus, the km value was 0.63, 
regardless of the diet fed to the lambs. Susenbeth et 
al. (1998) concluded that roughage quality markedly 
affects km because of differences in time required to 
chew the feed. However, our results show that when 
different roughages are used solely as sources of effec-
tive fiber in concentrate-based diets, those effects on 
the efficiency of energy use disappear since chewing 
time is strongly related to the peNDF content of the 
ration (Mertens, 1997).
Our results confirm that km is not related to the en-
ergy concentration of the diet. AFRC (1993) adopted 
the equation proposed by ARC (1980) to estimate km 
from diet metabolizability (qm), i.e., dietary ME di-
vided by GE: km = 0.503 + 0.35 × qm. On the basis of 
this assumption, the estimated values of km would be 
0.76 and 0.74 for diets with LQR and MQR, respec-
tively. Using this equation can hence underestimate 
ME requirements for maintenance. Similar results 
were previously found by Fernandes et al. (2007) for 
goats and by Galvani et al. (2008) for sheep. Most 
nutritional systems have assumed a single value of 
km equal to 0.64 (CSIRO, 1990; Cannas et al., 2004; 
NRC, 2007; Tedeschi et al., 2010), which is similar 
to the value we found. Galvani et al. (2008) also con-
firmed this assumption.
Requirements for Growth
Net requirements for weight gain (NEg) were esti-
mated according to Eq. [5] on the basis of the EBW of 
the lambs. Energy concentration in the body has usu-
ally been expressed as a function of EBW rather than 
SBW because interference by the gastrointestinal con-
tent is totally eliminated. The relationship between EBW 
and SBW was computed by a linear regression equation. 
There was no effect of diet on the intercept and slope of 
the equations (P > 0.05), and hence, data points were 
pooled in a single regression (Eq. [7]; r2 = 0.99, RMSE = 
0.58, n = 54, P < 0.01). This equation results in predic-
tions of EBW ranging from 83% to 85% of the SBW. In 
turn, SBW represented 96% of the full BW, exactly as 
proposed by Cannas et al. (2004).
Empty BW, kg = –0.530 (±0.2430) + 0.861 
(±0.0074) × shrunk BW, kg.  [7]
As expected, NEg values were increased with in-
creasing both SBW and ADG (Table 9) because of the 
increased rate of fat deposition observed as the lambs 
grew. Data in Table 9 were used to develop a nonlinear 
equation to calculate NEg directly from SBW and ADG 
(r2 = 1.00, RMSE = 0.066, n = 65, P < 0.01):
NEg, kcal/d = 0.833 (±0.0009) ×  
SBW[0.3667 (±0.0003)] × ADG,  [8]
where SBW is in kilograms and ADG is in grams per day.
The NEg values found are similar to those calculated 
using the data of Regadas Filho et al. (2013) for Santa 
Inês lambs with 15 kg of SBW. However, for lambs with 
SBW ranging from 20 to 30 kg the values obtained by 
those authors are significantly greater than our values 
(up to 15%), confirming that the rate of fat deposition 
of Santa Inês purebred lambs is greater than that of Dor-
per × Santa Inês crossbred lambs.
Figure 2. Relationship between log10 heat production (HP, kcal/kg
0.75 
of shrunk BW) and ME intake (MEI, kcal/kg0.75 of shrunk BW) of grow-
ing 1/2 Dorper × 1/2 Santa Inês lambs fed concentrate-based diets with ei-
ther low-quality (squares) or medium-quality (circles) roughages. There was 
no effect of diet on the intercept and slope of the equations (P > 0.05). The 
pooled regression was log10 HP = 1.855 (±0.0085) + [0.00175 (±0.000038) × 
MEI]; r2 = 0.97; root-mean-square error = 0.018; n = 66; P < 0.01.
Table 9. Requirements for NEg (kcal/d) of 1/2 Dorper × 
1/2 Santa Inês lambs from 15 to 45 kg of shrunk BW1
Shrunk 
  BW, kg
ADG, g
100 150 200 250 300
15 224 337 449 562 674
20 250 375 500 625 750
25 271 407 542 678 814
30 290 435 580 725 870
35 307 460 614 767 921
40 322 483 644 805 967
45 336 504 672 841 1,009
1Values were calculated using the following equation: NEg, kcal/d = 0.833 
(±0.001) × shrunk BW[0.3667 ( ± 0.0003)] × ADG. Only data from lambs fed ad 
libitum were considered to develop the equation.
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The achievement of a single body composition curve 
for a specific genotype, regardless of the diet fed, is in 
agreement with the assumptions of most nutritional sys-
tems and highlights that differences in gain composition 
attributed to dietary effects are related to changes in the 
efficiency of energy use for gain. The kg value has been 
estimated by regressing RE on ME intake (Ferrell and 
Jenkins, 1998; Fernandes et al., 2007). In our study, the 
kg values estimated by this method were 0.36 and 0.32 
for the diets with LQR and MQR, respectively (Table 10, 
model I), but they did not differ from each other (P > 0.05). 
The intercepts of the equations were significantly different 
from zero (P < 0.01), indicating a logical energy mobi-
lization when ME intake is null. This method, however, 
does not seem to be suitable because a large proportion of 
the ME intake is actually used for maintenance, and hence, 
the slope of the equation represents the total efficiency of 
energy use rather than the partial efficiency for gain. On 
the other hand, by regressing RE on ME intake above the 
maintenance level and forcing the regression through the 
origin (RE = 0, when MEIg = 0), the slope of the regres-
sion theoretically seems to be a better predictor of the par-
tial efficiency of energy use for gain. With this approach, 
the estimated kg values differed between diets (0.41 and 
0.35 for the diets with LQR and MQR, respectively; P < 
0.01; Table 10, model II), which is in agreement with the 
differences observed in the amount of FIG. Since fat reten-
tion is energetically more efficient than protein retention 
(Old and Garrett, 1985), it is expected that kg closely de-
pends on the gain composition (Geay, 1984).
Most nutritional systems, however, have ignored the 
effects of gain composition on kg, and it has been predict-
ed from dietary energy concentration (ARC, 1980; AFRC, 
1993; CSIRO, 2007; NRC, 2007). In general, using these 
models overestimated the values of kg in our study.
Tedeschi et al. (2004) have proposed that the propor-
tion of energy retained as protein (REp, Mcal/Mcal) can 
be used to compute kg, kg = {(kf × kp)/[kp + REp × (kf– 
kp)]}, since REp is strongly correlated with the concen-
tration of energy in the gain. The variables kf and kp are 
the partial efficiencies of energy retention as fat and pro-
tein, respectively. This approach was considered in the 
SRNS model (Tedeschi et al., 2010), assuming that kp is 
0.27 and kf is 0.68 for growing lambs, whereas REp is es-
timated from the level of ME intake above maintenance 
(L) and the degree of maturity (D) of the animals. Us-
ing the SRNS model and individual observed values of 
L and D to compute REp, estimated kg values were 0.48 
and 0.47 for the diets with LQR and MQR, respectively. 
This small difference occurred because the SRNS model 
was not able to compute different values of REp between 
diets (0.297 vs. 0.300 for the diets with LQR and MQR, 
respectively; P = 0.80) since L and D in our study were 
designed to be similar between diets. However, even 
when the observed values of REp (0.229 vs. 0.306 for the 
diets with LQR and MQR, respectively; P = 0.03) were 
used in the model, the difference in kg between diets was 
too small (0.49 vs. 0.46), suggesting that to predict dif-
ferences in kg between diets, the SRNS model is more 
sensitive to changes in kf and kp, than in REp.
Therefore, to evaluate accordingly the proposition of 
Tedeschi et al. (2004), the partial efficiencies of energy 
retention as protein and fat were estimated in our study 
by using a multiple linear regression model, according 
to Old and Garrett (1985), as follows (Eq. [9]; r2 = 0.94; 
RMSE = 14.62; n = 65; P < 0.01):
MEIg, kcal/kg
0.75 of SBW =  
   [b × REprot] + [c × REfat],  [9]
where MEIg is the ME intake above the maintenance 
level, REprot (kcal/kg
0.75 of SBW) is the daily energy 
retention as protein, REfat (kcal/kg
0.75 of SBW) is the 
daily energy retention as fat, and b and c are the regres-
sion parameters. The inverses of parameters b and c rep-
resent, respectively, the kp and kf values.
There was no effect of diet on parameter b (5.44 ± 
0.596; P = 0.13), which indicated a kp value of 0.18. 
In turn, the estimated parameter c assumed values of 
1.36 (±0.216) and 1.73 (±0.263), indicating that kf was 
0.74 and 0.58 for the diets with LQR and MQR (P = 
0.01), respectively. Assuming these values and the indi-
vidual observed values of REp to compute kg, the val-
ues obtained were 0.42 and 0.35 for the diets with LQR 
and MQR, respectively, which are close to the values 
obtained by regressing RE on MEIg with intercept = 0. 
Table 10. Parameters of the regression equations for 
estimating energy retention (RE, kcal/kg0.75 of shrunk 
BW) according to the ME intake (MEI, kcal/kg0.75 of 
shrunk BW) of growing lambs fed concentrate-based 
diets differing in the primary source of roughage1
Model a (SE) b (SE) n r2 RMSE2 kg
3
Model I
Low-quality 
roughage
–33.44  
(4.846)
0.357  
(0.0215)
33 0.91 6.11 0.36
Medium-quality 
roughage
–33.57  
(4.132)
0.324  
(0.0185)
33 0.92 6.01 0.32
Model II
Low-quality 
roughage
— 0.409  
(0.0099)
33 0.98 6.72 0.41
Medium-quality 
roughage
— 0.345  
(0.0100)
33 0.98 6.11 0.35
1Model I: RE = a + b × MEI. The parameters a and b did not differ between 
diets (P > 0.05). Model II: RE = b × MEIg, where MEIg is the ME intake 
above the maintenance level. Parameter b was significantly different between 
diets (P < 0.01).
2Root-mean-square error.
3Partial efficiency of ME use for gain.
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These results confirm that the model of Tedeschi et al. 
(2004) is very valuable for estimating kg, but using fixed 
values of kf and kp may not be appropriate unless the 
model used to estimate REp can be changed to take into 
account the differences in the ME concentration of diets.
Despite these issues, it is remarkable that even 
though the kg value had been greater for the lambs fed 
the diet with LQR, at the same ME intake, they achieved 
the same ADG as the lambs fed the diet with MQR. This 
occurred because the greatest kg value was counterbal-
anced by the energy concentration in the gain, which is 
inversely related to ADG (Tedeschi et al., 2010).
In conclusion, our results do not support the hy-
pothesis that feeding concentrate-based diets contain-
ing low-quality roughages as primary sources of forage 
can increase the energy requirements for maintenance of 
sheep. On the other hand, because reducing the rough-
age proportion enables us to increase the NFC fraction 
in the diet, it can improve the partial efficiency of energy 
use for gain. In a meat production scenario, however, 
this increased nutritional efficiency should be viewed 
with caution because it is related to visceral fat deposi-
tion, a nonedible tissue.
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